Abstract. Seven homo-or heterometallic uranyl ion complexes with R,S-malic (H3ml), R-citramalic (H3cml), citric (H4cit) and tricarballylic (H3tca) acids were obtained under (solvo-)hydrothermal conditions and characterized by their crystal structure and, for five of them, their uranyl emission spectrum. All the malate, citramalate and citrate complexes contain the frequently observed 2:2 dimeric uranyl subunit in which the alkoxide group is bridging, these subunits being generally assembled into one-dimensional (1D) polymeric chains by bridging carboxylate groups. [(UO2)4(ml)2(C2O4)(NMP)4] (1) and [(UO2)2Cu2(ml)2(C2O4)(phen)2] (2), which contain oxalate anions formed in situ, crystallize as twodimensional (2D) networks, the increase in dimensionality being provided by uranyl or copper oxalate (7), in which the three carboxylate groups are chelating and two of them further bridging, is a 3D framework. The uranyl emission spectra of complexes 3-6 are in agreement with a previously described trend, the largest blue-shift being found for the eight-coordinate complex 7.
Introduction
Citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid, H4cit) is a naturally occurring complexant whose behaviour towards uranyl and other actinide cations is of relevance for nuclear waste management as well as soil remediation or decorporation studies. [1] Uranyl speciation in solution in the presence of citric acid, which directly affects uranium mobility and availability, has consequently been the subject of many reports using a wealth of different techniques. [2] The presence of four functional groups, some or all of which can be deprotonated depending on the solution pH, and which can act as potentially bridging coordination sites (possibly in heterometallic species) makes this a system of great complexity. It has been found earlier that the 2:2 dimeric species {[UO2(Hcit)]2} 2-, with coordination through both carboxylate and bridging hydroxyl groups, was the dominant solution species for pH values in the range of 2-5. [2b,2d,2e,2g] Although crystallographic characterization of uranyl citrate complexes lagged behind solution studies for long, a number of crystal structures have been reported in the last ten years, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] with several different polymeric assemblies evidencing the potential of citric acid for the building of uranyl-organic coordination polymers or frameworks. [13] A 2:2 dimeric species, with the hydroxylic and two carboxylic groups being deprotonated and involving two chelate rings, fiveand six-membered, around each metal centre, has indeed been found in several cases (Scheme 1). [4] [5] [6] [7] 9, 10, 12] In the complexes in which the third carboxylic acid group, not involved in the formation of the dimer, retains its proton, these dimers have been found to be isolated, [4, 5, 12] or assembled into one-dimensional (1D) polymeric chains with carboxylate-bridged dimeric units. [5, 10] When the third carboxylic group is also deprotonated, further coordination to 3 Scheme 1. The dianionic 2:2 uranyl citrate dimer involving deprotonation of the hydroxyl group and two of the three carboxylic acid groups.
additional uranyl cations gives rise to formation of two-dimensional (2D) networks [6, 9] or threedimensional (3D) frameworks. [7] In other instances, 3D frameworks devoid of the dimeric motif have been found, [3, 8] one of them displaying oxo-bonding between uranyl cations. [8] Although the typical dimeric motif may be retained in the presence of additional, non-uranyl metal cations, [4, 10] it has been shown recently that higher oligomers can be obtained through assembly of 3-oxocentered trimers around sodium cations, [12] and that heterometallic species involving Al III or Fe III display a different connectivity, with the deprotonated hydroxyl group as a bridge between uranyl and the other metal cation. [11] The present work is an extension of our previous investigation of citrate complexation to uranyl under solvo-hydrothermal conditions and in the presence of additional metal cations and/or coligands, [4, 7, 9, 10] which is here expanded to related polycarboxylic acids with a reduced number of complexation sites: malic (2-hydroxybutanedioic, H3ml) and citramalic (2-hydroxy-2-methylbutanedioic, H3cml) acids, in which one of the -CH2-COOH groups of citric acid is replaced by a hydrogen atom or a methyl group, respectively, and which are thus chiral, and tricarballylic 4 (propane-1,2,3-tricarboxylic, H3tca) acid, in which the hydroxyl group is replaced by a hydrogen atom. Note that in recognition of the possibility of deprotonation of hydroxyl as well as carboxylic acid groups, we have designated malic, citramalic and citric acids by the abbreviations H3ml, H3cml and H4cit, respectively, rather than by the conventional forms indicating just the number of carboxylic acid protons. Anions derived from malic, citramalic and tricarballylic acids are ligands which, like citrate, have a variety of possible chelating and bridging modes but ones which are a limited set of those possible for citrate. For chelation alone, the ring size can in principle vary from eight-membered for citrate and tricarballylate to four-membered for all, although for O-donors to the large uranyl ion, it is expected that small rings should be favoured, [14] and indeed dihapto coordination of carboxylate units is a common but not exclusive feature of known structures.
Formation of a five-membered chelate ring involving alkoxide-and carboxylate-O donors is of course seen in the citrate dimers referred to above but it is excluded as a possibility with tricarballylate. One of our objectives in the present work was to explore further the coordination modes adopted by these versatile ligands. Several uranyl malate complexes have previously been characterized, in which either a 2:2 dimeric motif analogous to that found with citrate is present, with additional metal cations providing formation of 2D or 3D assemblies in some cases, [10, 15] or a more intricate uranyl oligomer resulting from hydrolysis as a central core. [16] Citramalic acid, used as its pure R enantiomer, has also given several complexes based on the dimeric motif, [5, 9, 10] or with a different bonding mode enabling formation of a 2D network. [6] Tricarballylic acid has always been found up to now to bind to uranyl in a four-membered ring,  2 O,O' tris-chelating mode generating 2D networks with honeycomb topology, the presence of different additional cations resulting in shape modifications and eventual folding into a nanotube. [3, 17] Reported 5 herein are seven complexes involving these four related ligands which have been characterized by their crystal structure and, for some of them, by their emission spectrum in the solid state, and which crystallize as 1D, 2D or 3D assemblies.
Results and Discussion

Syntheses
All seven complexes were synthesized under either purely hydrothermal (3 and 7) or solvohydrothermal conditions (140 °C, autogenous pressure), the organic cosolvent in the latter cases being N-methyl-2-pyrrolidone (1 and 2) or acetonitrile (4) (5) (6) . Only in complex 1 is the solvent retained in the final compound as a coligand, as is frequently observed with NMP, [18] and which possibly reflects its resistance to hydrolysis under solvothermal conditions. Complexes 1 and 2, both involving the malate ligand, also include oxalate anions formed in situ as coligands.
Formation of oxalate anions during experiments performed under (solvo-)hydrothermal conditions is a frequent occurrence, [19] but the reaction pathway has only been elucidated in some specific cases. [20] Given the presence of nitrate anion and protons released by coordination of the acid, the most obvious possible reason for the presence of oxalate in complexes 1 and 2 is the oxidation of malic acid by nitric acid. Assuming the intermediacy of oxaloacetic acid as a result of conversion of the secondary alcohol unit to a carbonyl group, this is not a pathway available for citramalic or citric acid but is certainly known to lead to oxalate under enzymatic catalysis. [21] Complexes 1 and 2 were synthesized from the racemic form of malic acid, and the crystal structures show the presence of both enantiomers (the crystals being centrosymmetric and, further, a disordered superposition of the two enantiomers being observed in complex 1). In 6 contrast, complexes 3 and 4 were synthesized from pure R-citramalic acid and retain its enantiomeric purity, indicating that no racemization occurs under the conditions used, although racemization has previously been found to occur in one case under analogous conditions. [5] While complex 1 is a case in which only two coligands (oxalate and NMP) are present, all the other complexes include additional metal cations, Cu II in 2, Ni II in 3, Cd II in 4 and 6, Zn II in 5, and Pb II in 7, these being in all cases but the last associated with organic coligands, 2,2ʹ-bipyridine (bipy) in 4-6, 1,10-phenanthroline (phen) in 2, and cyclam (1,4,8,11-tetraazacyclotetradecane) in
3.
It is notable that systematic attempts at crystallization were made for most polycarboxylate/additional metal cation/coligand/solvent combinations involving the components present in complexes 1-7 (except for cyclam, which was only used as its preformed complex with Ni II ), but use of reactants and cosolvents giving a crystalline material with one polycarboxylate were generally not successful with another polycarboxylate (the usual outcome of unsuccessful experiments being precipitation of amorphous powders or formation of no solid deposit whatsoever). This is the reason why, except in the case of complexes 4 and 6, which both contain Cd(bipy) moieties, no two complexes involve the same additional metal cation/coligand combination.
Crystal Structures
The complex [(UO2)4(ml)2(C2O4)(NMP)4] (1) crystallizes with two uranium atoms, one disordered ml 3-ligand (see Experimental Section), one centrosymmetric oxalate anion and two coordinated NMP molecules in the asymmetric unit ( Figure 1 ). Atom U1 is chelated by two ml 3-ligands so as to form a centrosymmetric binuclear 2:2 dimer analogous to that commonly found in other uranyl malate [10, 15] and citrate [4] [5] [6] [7] 9, 10, 12] complexes (the crystallographic symmetry of these dimers is however variable, with the presence of an inversion centre, a twofold rotation axis, or no 8 symmetry element whatever). Further bonding to a carboxylate group from another dimer giving rise to 1D polymerization, while atom U2 is bound to one chelating oxalate, one carboxylate group from a uranyl malate dimer and two NMP molecules; both uranium atoms are thus in pentagonal [23] calculated on the asymmetric unit with CrystalExplorer [24] does not reveal significant interactions beyond dispersion, apart from some possible weak inter-layer CH···O hydrogen bonds. [25] The packing does not provide solvent-accessible free spaces, as indicated by the Kitaigorodski packing index (KPI, estimated with PLATON [26] ) of 0.67. [5, 9, 10] a 2:2 dimer is formed, which, in contrast to those in 1 and 2, is devoid of crystallographic symmetry (and both methyl groups are pointing toward the same side of the dimer). The Ni(cyclam) 2+ cation is a very well known species, being present in 162 structures reported in the CSD, and its configuration here, identical to that in the first ever structural determination, [27] is the minimum energy one, designated as RRSS Trans III. [28] The nickel(II) cation is further bound to two more distant axial carboxylate oxygen atoms, its environment being elongated octahedral, the macrocyclic ligand thus enforcing a role as a 3, each dimer is connected to four additional metal atoms, here two uranium (through the -CH2-COO -groups) and two cadmium atoms, but, in contrast to previous cases, the three dimers of the asymmetric unit being far from coplanar, the assembly formed by citramalate and uranyl ions alone is not a 1D polymer, but a uninodal 3D framework with the point (Schläfli) symbol {4.12 2 } and the chiral qtz-h topology. [29] Cadmium bridges are thus not essential to framework building and they add no extra aspect of chirality to be considered, but the bipy ligands may have a structure-directing effect, as suggested by their location in the channels with a roughly triangular section that run along the a axis. The voids in the uranyl citramalate framework are thus occupied, The citrate complex [(UO2)2Zn(Hcit)2(bipy)2(H2O)] (5) is isomorphous to its Ni II -containing counterpart, which has been previously reported, [10] so that only a brief description will be given here. The usual 2:2 uranyl citrate dimer is assembled into 1D polymeric chains running along the c axis, but, since only one Zn(bipy)2 2+ group is appended to each dimer (one of the carboxylate groups being monodentate instead of bridging), the chains are not assembled into a higher dimensionality unit and the terminal Zn(bipy)2 2+ moieties are mere decorating groups ( Figure 6 ). 
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The complex [(UO2)2Cd(Hcit)2(bipy)2] (6) constitutes an interesting variation on the complexation scheme found in the Zn II -containing complex 5 and its isomorphous Ni II counterpart. The asymmetric unit in 6 contains a uranyl citrate centrosymmetric dimer, meaning that both bound citrate units are of the same chirality (see above) and one highly disordered, chiral Cd(bipy)2 2+ moiety (see Experimental Section) ( Figure 8 ). As in 5, the dimer is bound to only Like citrate, if the two -CH2-COO -groups differ in their bonding interactions, it can be considered as a chiral species but in the case of 7, the equivalence of these groups is maintained. This is not the case in other tricarballylate complexes 3, 17 carboxylate groups from three ligands, as usual with tca 3-, [3, 17] and Pb II is bound to four oxygen atoms from carboxylate groups bridging in 2- prismatic or cubic environment, a geometry which is uncommon for this cation, [30, 31] each face containing two carboxylate and two water vertices; this environment is clearly holodirected, which is usual for lead(II) with high coordination numbers (although eight-coordination is borderline). [31] From a topological point of view, uranium cations, lead(II) cations and tca 3-ligands are thus three-, four-and five-fold nodes, respectively, and a 3D framework is formed, which has the point symbol {4.6 2 }2{4 3 .6 7 }2{4 4 .6 2 } (for U, tca 3- 
Luminescence Properties
The emission spectra of complexes 3-7 in the solid state were recorded at room temperature under excitation at a wavelength of 420 nm, a value suitable for excitation of the uranyl chromophore, [32] and they are shown in Figure 10 . The spectra display more or less intense and well-resolved emission peaks typical of the vibronic progression corresponding to the S11  S00 and S10  S0 ( = 0-4) electronic transitions. [33] Relatively weak emission is found for complex 3, which may be a result of partial quenching due to Ni II providing a nonradiative relaxation pathway. [34] The four main emission maxima (S10  S0,  = 0-3) for the seven-coordinate complexes 3-6, which all have a similar equatorial garland of three carboxylate-O and two alkoxo-O donor atoms, are in the ranges 496-506, 519-528, 544-552 and 571-580 nm, thus covering a 10 nm wide interval (and only a 3 nm wide interval if only the most strongly emitting complexes 4-6 are considered), while the same maxima for the eight-coordinate complex 7 are at 485, 505, 527 and 551 nm, i.e. blue-shifted by 10 nm with respect to the lowest of the previous values, and more than 20 nm with respect to those for 4-6. This trend is in agreement with that recently shown to exist in a series of 46 uranyl carboxylate complexes, [35] eight-coordination (often 23 involving tri-chelation by three carboxylate groups, as here) being consistently associated with the most blue-shifted values, probably due to a decrease in donor strength of the ligands in the equatorial plane inducing an increase in uranyl oxo bond order. [36] The average vibronic splitting energy values for the S10  S0 transitions in 3-6 are in the usual range of 823(4)-883(10) cm -1 (the largest value being for complex 3). [33, 35, 37] 
Conclusions
Apart from complex 7, in which the tricarballylate ligand displays its usual tris(chelating) mode toward uranyl, all complexes 1-6, whether they involve R,S-malate, R-citramalate or citrate anions, contain 2:2 dimers closely related in form to those which have been proposed long ago on the basis of solution measurements, [2b] and characterized first by EXAFS experiments for citrate, [2d,2g] and later by single crystal X-ray diffraction for all three polycarboxylates. [4] [5] [6] 9, 10, 12, 15] In the solid state, these dimers can be assembled into higher dimensionality coordination polymers by further carboxylate bridging, involving either two or four uranyl cations, or two uranyl and one or two d-block metal cations. However, although d-block metal cations are often used to increase the dimensionality in uranyl-organic species, [38] this is not always the case here.
A summary of the species described in this and previous work with these three ligands is given in Scheme 2. It is notable that the ubiquitous formation of 1D polymeric chains through uranyl bridging always involves the -CH2-COO -groups, which is probably due to the geometry of the five-and six-membered chelate rings in the dimer. The six-membered ring typically assumes a boat conformation with the carboxylate oxygen atom and one carbon atom displaced out of the are simple decorating species as in complex 5, or increase the dimensionality as in 2, 3 and 6 (their role in 4 being probably more that of a structure-directing agent since a 3D framework is formed through uranyl connectivity alone). In the present instances of complexes of R,S-malic, Rcitramalic and citric acids, the hydroxyl group is bound in its deprotonated form and appears to form a strong bridge between pairs of uranium ions but deprotonation of the bound hydroxyl group is not seen in [(UO2)3(Hcit)2(H2O)3]·2H2O, 3 for example, and the oxygen does not bridge metal ions (the ligand there being a tautomeric form of the species seen in the present cases).
The absence of the hydroxyl group makes tricarballylate a quite different ligand, with no close dimer formation. Complex 7, obtained with lead(II) cations alone, differs from [17] since Pb II serves as a framework fourfold node in the former, 
Crystallography:
The data were collected at 150(2) K on a Nonius Kappa-CCD area detector diffractometer [39] using graphite-monochromated Mo K radiation ( = 0.71073 Å). The crystals were introduced into glass capillaries with a protective coating of Paratone-N oil (Hampton Research). The unit cell parameters were determined from ten frames, then refined on all data.
The data (combinations of -and -scans with a minimum redundancy of at least 4 (10 for compound 4) for 90% of the reflections) were processed with HKL2000. [40] Absorption effects were corrected for empirically with the program SCALEPACK. [40] The structures were solved by 29 intrinsic phasing with SHELXT [41] or by Patterson map interpretation with SHELXS, [42] expanded by subsequent difference Fourier synthesis and refined by full-matrix least-squares on F 2 with SHELXL-2014. [43] All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms bound to oxygen or nitrogen atoms were found on difference Fourier maps, and the carbon-bound hydrogen atoms were introduced at calculated positions; all hydrogen atoms were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the parent atom (1.5 for CH3, with optimized geometry). Crystal data and structure refinement parameters are given in Table 1 . The molecular plots were drawn with ORTEP-3 [44] and the polyhedral representations with VESTA. [45] Special details are as follows:
Compound 1. Atoms U1, O1, O2, O7, O8, C2 and C3 are disordered over two positions which have been refined with occupancy parameters constrained to sum to unity. These two sets of positions correspond to the two enantiomorphs, R and S, of the malate ligand.
Compound 5. Large voids in the lattice indicate the presence of badly resolved solvent molecules which could not be modelled properly. The corresponding electron density was masked with PLATON/SQUEEZE. [46] Compound 6. Extensive disorder is present, which was not removed by resolving the structure in space groups of lower symmetry such as C2. The Cd(bipy)2 group is disordered over two positions related by a twofold rotation axis, and it has been refined with half-occupancy accordingly. The carboxylate group containing O5 and O6 is rotationally disordered and the two oxygen components were refined with occupancy parameters constrained to sum to unity. Atom O8 is also disordered over two positions which were given occupancy parameters of 0.5; further disorder on the other atoms of this carboxylate group was not resolved. Two aromatic rings (containing N3 and N4) were refined as idealized hexagons. Restraints on displacement parameters were applied for atom O5B and the carbon atoms of the bipy molecules.
CCDC-15881191588125 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Luminescence measurements: Emission spectra for compounds 3-7 were recorded on solid samples using a Horiba-Jobin-Yvon Fluorolog spectrofluorometer. The powdered complex was pressed between two silica plates which were mounted such that the faces were oriented vertically and at 45° to the incident excitation radiation. An excitation wavelength of 420 nm was 31 used in all cases and the emissions monitored between 450 and 650 nm. The very low yield of the synthesis of 1 and 2 prevented luminescence measurements on these compounds.
